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ABSTRACT
The objective of this project was to create a robotic snake that could be compared to an identical snake in a simulation program called LMS Virtual Lab. The robotic snake would then be able to confirm the effectiveness of the simulation program and would help determine the coefficient of friction in contact modeling. The snake body was roughly based on the design of the Carnegie Mellon University snake robots. It was constructed using a series of links made of polycarbonate and acrylonitrile butadiene styrene (PC-ABS) plastic connected by MX-28 Dynamixel motors. The links were designed so that the robot could be tracked using a VICON motion tracking system. Slots were cut into the sides of the skin so that the number of contact points with the ground could be adjusted in order to find out how many contact points were needed to create an adequate simulation. The robot was fed a tapered sine wave in order to simulate a slithering motion.
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Introduction and Background
The goal of this project was to create a slithering snake robot based roughly off of the snake robots at Carnegie Mellon University (CMU), Pittsburg, PA, in order to test a simulation program called LMS Virtual Lab (LMS). While LMS is effective at modeling changes in a robot's center of mass, it is difficult to use it to model surface-ground contacts. For instance, LMS has limited contact types, the most robust being point-to-extruded-body contacts. This makes it difficult to model other types of contacts, such as plane contacts. Within LMS, it is better to model friction using a dynamic coefficient defined by an equation rather than a static value. Dynamic coefficients of friction need to be characterized for different materials. The snake robot is meant to address both problems. By comparing the real snake robot with the simulation, an optimal number of contact points can be discovered so that the simulation is able to model the real world. This process can also be used to test the coefficient of friction by modifying it in the program until the snake motion in the simulation matches up with the real snake robot.
Another purpose of the snake robot was to make progress toward the Army's goal of creating an "agile robot." An agile robot is one that is easily maneuverable, can adapt to changes in terrain, can avoid or overcome obstacles, and is fast. The final goal of the agile robot is to have a robot version of parkour, practitioners of which aim to move quickly and efficiently past the obstacles in their environment, using only their bodies and their surroundings to propel themselves. The snake robot is a part of this trend. Snake robots have several advantages over more traditional wheeled or legged robots. For instance, snake robots are much smaller than other robots, allowing them to fit in tight spaces and go where other robots cannot. They are also very maneuverable and feature many degrees of freedom. Snake robots have been shown to be very effective in exploring and working in otherwise unreachable areas, such as the piping of a nuclear power plant. There are many areas where cramped spaces and twisting passages make snake robots ideal for exploration. Howie Choset, a roboticist and mechanical engineer at CMU, has designed snake robots for many purposes, including search and rescue operations, plane construction, and even minimally invasive surgery. Given the potential of snake robots as highly maneuverable and dynamic robots, it would be advantageous to have one that could be experimented with.
Experiment and Calculations
The robotic snake constructed was based roughly on the robotic snakes designed by CMU. It consists of a series of links designed using SolidWorks CAD software joined together by MX-28 Dynamixel motors (figure 1). The diameter of the links was chosen so they would be close to the diameter of the original CMU links and still be able to contain the Dynamixel motors being used to drive the snake. After an acceptable diameter was selected, the piece was cut so that it had room to mount a motor on one side and accept a motor on the other. The two positions were offset by 90° in order to allow the snake to move in two orthogonal directions. Then the motor carriage itself was cut out, and screw holes were made so that the motor could be held in place after it was inserted. Tap holes were also added so that VICON beads could be attached to the robot, allowing it to be tracked by a VICON system. Slots were added on all four sides of the skin so that inserts could be placed on the snake link. These inserts featured different numbers of bumps in order to vary the number of contact points with the ground (figure 2). Four different types of inserts were created for this purpose: one bump, two bumps, three bumps, and five bumps. The bumps were placed in two parallel rows along the sides of the inserts in order to make sure that the robot was able to balance properly. The last addition made to the snake link was another set of slots that allowed the motors to be wired without snagging on anything. After the snake link was constructed, it was placed into a SolidWorks assembly and connected to the motor. After ensuring that the two fit together properly, another SolidWorks assembly was created using the two-link subassemblies to form a twelve-link snake. When it was certain that the snake link would be satisfactory, it was printed using a FORTUS three-dimensional (3-D) printer using polycarbonate and acrylonitrile butadiene styrene (PC-ABS) plastic. After all of the pieces had been printed, the snake was assembled and driven. In order to drive the snake, it was fed a tapered sine wave across each of its horizontal motors ( figure 3 ). This resulted in the snake passing a sinusoidal wave down the length of its body, propelling it forward. Each motor operates at a different amplitude, which is determined by the formula (equation 1, sine wave amplitude): Where Motor Index goes from 0 to number of motors -1. The minimum amplitude through which the link at the "head" of the snake oscillates is arbitrary (0.15 × pi/2 radians=13.5°). The amount the sine wave amplitudes increase with each successive link toward the tail is set by the arbitrary term 0.4 radians/motor position. These values have been used to successfully drive a CMU snakebot and were thus chosen for this project.
After finding the amplitudes of the individual waves, the tapered sine wave is generated using the formula (equation 2, motor position):
The wave was generated and sent to the snake using LabVIEW. Several factors were varied in order to make the robot move more efficiently. These include: xPPM, the spatial period, the rate at which the motors updated themselves and the direction of the wave across the snake. There was a function to read and record the position information returning from the robot, but it was made optional after it was noticed that it slowed the update speed significantly. Several other modifications were made in order to help the robot move, such as coating the snake in duct tape in an effort to improve the coefficient of friction. Eventually, the robot was able to move under its own power.
Results and Discussion
While attempting to get the robot to slither properly, the gait parameters were varied and other factors changed and as a result three different types of gaits were discovered. The first effective gait to be discovered was the inchworm gait. This involves the robot crawling in an inchwormlike fashion. This gait was relatively fast and ended up making the robot travel opposite the direction it was supposed to travel; it was found when xPPM was set to 0, or 0.5xk, since the pattern of gaits repeats itself at intervals of 0.5 along xPPM. The second gait to be discovered is a "flop" gait. The first time the robot was run with the modules coated in duct tape, it was observed to be moving rather quickly forwards. However, further observation revealed that this was because the speed with which the robot was moving caused it to lift itself partway off of the ground, resulting in a gait that was half inchworm gait and half slither gait. This gait is difficult to duplicate and collect data from, due to the fact that the act of collecting data slows down the robot, making its actions choppier and preventing it from generating enough inertia to mimic the gate. The "flop" gait was found by setting xPPM to 0.125 and then doubling the amplitude. The final gait type to be discovered was the slither gait. (Refer to table 1 for gait data.) The slither gait was found by increasing xPPM to 0.14 and slowing down the robot by about 23%. Although the slither gait is not as fast as could be desired, it does move the robot forward while maintaining perfect contact with the ground. Several different slither gaits have been found, all operating at different speeds and on different surfaces. The program for operating the robot has been modified in order to make it easier to modify gaits and then record which gait works best.
Summary and Conclusions
Although the robot would not move very quickly under its original specifications, it was able to move when those specifications were modified a bit. Still, the maximum speed of the robot is very slow unless it reverts to one of the two other gaits. The slowness of the normal slither gait may result from a number of different factors. First, the motor to part weight ratio is much higher on this robot than on the CMU robot, which has smaller motors and is composed of heavier parts. This change in weight distribution may have affected how the robot moves. Also, the out-of-plane motors on the robot were not used, as lifting parts of the robot would change the number of contact points with the ground, and make them inconsistent. Instead, those motors were just set level. Although this allows the robot to make more of a slithering motion, it makes it different from the CMU snake robot, which makes more of a spiraling than slithering motion. Slithering motion has been achieved in LMS simulation and attempts were made to do this on the physical robot to validate the simulation. Finally, there is a strong difference in materials between this snake robot, the CMU snake robot, and actual snakes. Snakeskin is scaly. Snakeskin scales are much smoother on the front than the back. This results in a very high friction force pointing backwards, which overcomes the friction in the opposite direction. This makes slithering relatively easy, as the snake can push off of the ground in order to move forward. This robot, on the other hand, has a single coefficient of friction driving it forwards and pushing it back. Because of this, it only moves forward based on the geometry of its motion. Although this can still be done, it is much slower than normal. The CMU snake robot, meanwhile, has a rubbery skin. This allows it to grip the floor better, giving it a higher coefficient of friction. Since friction is defined discretely rather than continuously, and is much higher statically than dynamically, a higher coefficient of friction could result in a different pattern of motion than a lower one. The snake robot was coated in duct tape in an effort to mimic this, but it was not enough to entirely replicate the effect of the CMU robot's skin. Finally, there is a problem faced when comparing the LMS simulation and the robot resulting from the fact that LMS treats friction coefficients as continuous rather than discrete. While friction coefficients vary between different substances, they follow a general trend of being high when the objects remain still, and then falling once one of the objects moves away from the other. This results from the fact that stationary objects are better able to grip each other while moving objects do not have enough time to grip properly. If either surface is moving, it becomes impossible for them to grip and the coefficient of friction goes down. Even though LMS follows this to an extent, it models the coefficient of friction as continuous rather than discrete. This results in the simulation experiencing a different coefficient of friction than the actual snake, causing the simulation and the actual model to deviate further.
